Highlights d Pten regulates the ratio of PV + /SST + cortical interneurons d Loss of Pten increases PV + process growth and inhibition d Pten interneuron cKOs have altered social behavior and gamma oscillations d An in vivo screening assay tests human ASD allele function SUMMARY
In Brief Vogt et al. develop an in vivo method to efficiently screen human alleles of ASD genes, using PTEN as a proof of principle. They also show that mouse Pten differentially regulates cortical interneuron development and is necessary for the survival of those that express somatostatin.
INTRODUCTION
Autism spectrum disorder (ASD) is characterized by deficits in language, social interactions, and repetitive behaviors. Some forms of ASD may be caused by an imbalance in excitatory/ inhibitory (E/I) tone in the brain (Rubenstein and Merzenich, 2003) . An increasing number of ASD genetic risk loci are being identified (Murdoch and State, 2013; Tebbenkamp et al., 2014) . Recent data from mouse models, including MeCP2 (Chao et al., 2010) , Scn1a (Han et al., 2012) , Caspr2 (Peñ agarikano et al., 2011), Caspr4 (Karayannis et al., 2014) , and Shank3 and the mouse strain BTBR (Gogolla et al., 2014) , showed defects in GABAergic neurons that contribute to ASD phenotypes by altering E/I balance. This balance may be disrupted by altering the relative numbers, functions, and/or connectivity between excitatory neurons and inhibitory interneurons.
In the neocortex, glutamatergic excitatory neurons comprise $70% of all neurons, and GABAergic inhibitory interneurons account for $30%. The majority of interneurons arise from the medial and caudal ganglionic eminences (MGE and CGE) of the basal ganglia. Immature interneurons tangentially migrate from the MGE to the cortex, then radially migrate into cortical layers (Anderson et al., 1997) . As MGE cells mature, they express specific molecular markers of interneuron subtypes, including somatostatin (SST) and parvalbumin (PV) (Wonders and Anderson, 2006) . CGE-derived interneurons express vasoactive intestinal peptide (VIP) and Reelin (which lack SST) (Miyoshi et al., 2010) . Furthermore, interneuron subgroups project to different cortical layers and synapse within distinct domains of the neocortex (Huang et al., 2007) . Thus, perturbations in different interneuron subgroups can lead to E/I imbalance by a variety of mechanisms.
While most ASD genes individually account for <1% of the genetic risk, some genes, including the phosphatase PTEN, are more often mutated in ASD (O'Roak et al., 2012) . PTEN inhibits phosphatidylinositol 3-kinase (PI3K)/Akt signaling after its activation by receptor tyrosine kinases (RTKs) and other receptors (Bourgeron, 2009; Stiles, 2009 ). The growth-promoting Akt/mTor signaling cascade is also a hub for other ASD candidate genes, including Tsc1 and Tsc2 (Wiznitzer 2004 ) and NF1 (Marui et al., 2004; Mbarek et al., 1999) .
Pten is broadly expressed in the developing and adult mouse brain, including in glutamatergic and GABAergic neurons (herein and Ljungberg et al., 2009) . Pten regulates many developmental processes, including migration (Kö lsch et al., 2008) , growth and morphogenesis (Kwon et al., 2006) , and synaptic dynamics (Fraser et al., 2008; Luikart et al., 2011; Williams et al., 2015) . Conditional deletion of Pten in excitatory cortical neurons results in macrocephaly and overgrowth of cortical cell bodies (somas), axons, and dendrites and leads to social interaction deficits; some of these features were rescued by pharmacologic inhibition of the mTor pathway (Kwon et al., 2006; Zhou et al., 2009 ). However, the role of Pten and other genes in the Akt/mTor pathway is poorly understood in GABAergic cortical interneuron development.
Here, we investigated Pten function during cortical interneuron development. Loss of Pten led to altered distribution of MGE-derived cells, neonatal interneuron death, and an overall loss in interneurons. However, preferential loss of SST + interneurons led to an increased ratio of PV/SST in surviving interneurons in the adult mutant cortex, with ectopic PV + processes in layer I. Many of these phenotypes were cell autonomous. We also developed a method to virally modify MGE cells before transplantation to study the function of human ASD alleles and found that PTEN ASD alleles were hypomorphic for multiple phenotypes.
RESULTS

Pten Loss in the MGE Leads to Increased AKT Signaling
To determine its role in GABAergic cortical interneuron development, we generated Pten conditional knockouts (cKOs) from the MGE and preoptic area (POA) progenitors by crossing Pten Flox (Suzuki et al., 2001) to Nkx2.1-Cre (Xu et al., 2008) mice. The Ai14 Cre-dependent reporter (Madisen et al., 2010) was used to follow cells that expressed Cre (tdTomato is expressed after Cre-mediated recombination). The Nkx2.1-Cre BAC transgenic drives expression, beginning on approximately embryonic day 9.5 (E9.5), in most of the ventricular zone (VZ) of the MGE and POA (Figures S1A-S1C). At E12.5, Pten was globally expressed in the brains of WT and Pten Flox/+ mice, including in the MGE (Figures S1D, S1E, S1G, and S1H). Efficient loss of Pten protein occurred in early progenitors of the VZ and their progeny in the Nkx2.1-Cre-lineage domains (Figures S1C, S1F, and S1I).
Since loss of Pten leads to increased phosphorylated Akt (pAkt) and pGSK3beta in neurons (Kwon et al., 2006) , we probed E13.5 MGE tissues for pAKT and pGSK3beta. Indeed, pAkt was increased $3.5-fold at serine 473 (p = 0.02) and $3-fold at threonine 308 (p = 0.01) ( Figure S1J ). Moreover, pGSK3beta at serine 9 was increased $1.6-fold in Pten cKOs (p = 0.03) ( Figure S1J ). These data demonstrate a role for Pten signaling in regulating the Akt pathway in the embryonic MGE.
Pten Loss in GABAergic Cortical Interneuron Progenitors Differentially Effects SST and PV Interneurons
Nkx2.1-Cre + ; Pten cKOs survive into adulthood but weighed $25% less than their WT and Pten Flox/+ littermates at postnatal day 30 (P30) ( Figure 1A) . In contrast to other Pten mutants (Kwon et al., 2006) , the brains of Nkx2.1-Cre + ; Pten cKOs were not altered in shape or size ( Figure 1A ). First, we counted the number of Nkx2.1-Cre-lineage cortical interneurons in the somatosensory cortex. At P30, there was an $53% reduction in the total number of Nkx2.1-Cre-lineage cells (Figures 1B-1G  and 1H; Table S1 ). Next, we assessed the proportion of the two main subgroups of MGE-derived interneurons via expression of SST and PV in the remaining tdTomato + cells. The percentage of tdTomato + cells that were SST + decreased 34% in Pten cKO neocortices (Figures 1B-1G and 1I; p = 0.01). Yet, the percentage of tdTomato + cells that were PV + increased 39% (Figures 1E-1G and 1J; p = 0.009). This disproportionate effect on SST + and PV + interneuron numbers resulted in a greater PV to SST ratio in the P30 cortex ( Figure 1K ; p = 0.01), as well as in striatum and hippocampus (Table S1 ). Moreover, in Pten cKOs, the SST + neuropil was greatly reduced in layer I, whereas the PV + neuropil, which normally was restricted to neocortical layers II-VI, ectopically projected into layer I and displayed prominent PV + puncta (
Nkx2-1-Cre removed Pten from the stem cells in the VZ. Next, we used DlxI12b-Cre (Potter et al., 2009) to remove Pten from secondary progenitors in the subventricular zone (SVZ) of the entire subpallium. At E15.5, Pten protein was detected in the VZ, but not the SVZ or neuronal layers of the basal ganglia (Figures S2A -S1A 00 and S2B-S2B 00 ). At P18, the percentage of tdTomato + cells that expressed VIP, a marker of CGE-derived interneurons, was unchanged ( Figures S2C-S2E and S2L).
Similar to Nkx2.1-Cre cKOs, the percentage of tdTomato + cells in the DlxI12b-Cre cKOs that expressed SST decreased by 32% (Figures S2F-S2H and S2M; p = 0.004). Moreover, there was a trend for an increased percentage of tdTomato + cells that expressed PV (increased 24%, but did not reach statistical significance) ( Figures S2I-S2K and S2N ). Like the Nkx2.1-Cre cKOs, there was a trend for fewer total tdTomato + cells in the neocortex ( Figure S2O ). Overall, DlxI12b-Cre cKOs had an increased PV + /SST + ratio of neocortical interneurons (Figure S2P ; p = 0.01). These mutants also had ectopic PV + projections in neocortical layer I at P18 (Figures S2I 0 -S2K 0 ). Unfortunately, these mice could not be analyzed at later stages, because they die soon after P18 for unknown reasons.
Pten Loss In Progenitors, but Not Postmitotic Interneurons, Decreased SST + Numbers Pten loss, beginning in either the VZ (Nkx2.1-Cre) and/or SVZ (DlxI12b-Cre), led to a preferential loss of SST + interneurons, while PV + interneurons composed most of the remainder. To test if Pten was required in postmitotic SST + cells, we used a SST-IRES-Cre mouse line (Taniguchi et al., 2011) , which expresses Cre in MGE-derived SST + cells as they leave the MGE (Figure 2A ). Somatosensory cortices were assessed at P30 for SST-IRES-Cre-lineages (tdTomato + ). In contrast to Nkx2.1-Cre and DlxI12b-Cre Pten cKOs, SST-IRES-Cre cKOs did not show interneuron loss ( Figure 2H ), had no change in the percentage of tdTomato + interneurons that were SST + or PV + ( Figures 2B-2I ), and had no ectopic PV + neuropil in layer I (Figures 2E-2G ). These data demonstrate that the Pten phenotypes observed using Nkx2.1-Cre and DlxI12b-Cre are caused by Pten loss in progenitor cells, which in turn led to changes in the PV/SST ratio.
Normal Proliferation in Pten cKOs
The reduced numbers of interneurons in the neocortex of Nkx2.1-Cre + ; Pten Flox/Flox cKOs could be due to altered proliferation or apoptosis. We evaluated proliferation in the MGE by assessing phospho-histone-3 (PH3) expression and 5-ethynyl-2 0 -deoxyuridine (EdU) incorporation, measures of M and S phase, respectively. The total number of PH3 + cells within the VZ and SVZ of the Nkx2.1-Cre domain of the MGE (tdTomato + ) was counted at E11.5, E12.5, and E15.5; no changes in PH3 + cells were found ( Figures S3A-S3I ). Next, we administered a 30-min pulse of EdU at E11.5, E12.5, and E15.5 and counted the density of EdU + cells in the MGE's VZ and SVZ MGE. Lack of Pten had no effect ( Figures S3J-S3R ), suggesting normal proliferation.
Differential Distribution and Death of SST + Cells in Pten cKOs
To determine if Pten cKOs showed early changes in cell fate, we assessed the proportion of tdTomato + cells that expressed SST at E12.5 and E15.5. At E12.5, there were no changes in the number or proportion of SST + cells assayed using in situ hybridization or antibody staining (data not shown). However, by E15.5, the percentage of tdTomato + cells that expressed SST was increased $45% in the lateral cortex (Figures 3A-3I; p = 0.02) and decreased $30% in the neocortex ( Figures 3A, 3B , and 3J-3P; p = 0.006 total, p = 0.002 MZ, p = 0.02 CP), suggesting that SST + cKO interneurons were biased to occupy the lateral cortex.
Next, we assessed if Pten cKO cortical interneurons were susceptible to apoptosis by testing for expression of cleaved caspase-3 (cC3). While we did not detect changes in apoptosis at E15.5, by E17.5, cC3 + cells were readily detected in $13% of tdTomato + marginal zone (MZ) Pten cKO cells in both the neocortex and lateral cortex (controls had <1%; data not shown). By P0, $36% of Pten cKO tdTomato + cells in the MZ of the lateral cortex were cC3 + (Figures 3Q-3V and 3X; p < 0.001).
In the postnatal neocortex, there was progressive loss of MGE-derived (tdTomato + ) interneurons in the Pten cKOs: 10% at P0, 47% at P8, and 53% at P30 ( Figure 1H ). Thus, interneuron apoptosis primarily occurred between E17.5 and P8. Interestingly, apoptosis was restricted to the cortical MZ, suggesting that interneuron death may occur due to an inability to integrate into the cortex.
Finally, we asked if SST + or SST À interneurons were differentially affected by apoptosis, by calculating the percentage of cC3 + /tdTomato + cells in the MZ that were either SST + or SST À . Although SST À cells were cC3 + , cC3 + /tdTomato + cells in the MZ of Pten cKOs were $2-fold more likely to be SST + ( Figure 3X ; p < 0.001 all conditions). This provided evidence that SST + interneurons lacking Pten are more susceptible to apoptosis than SST À interneurons. Moreover, at P0, the percentage of tdTomato + cells that expressed SST in the lateral cortex was reduced 26% ( Figure 3W ; p = 0.02), consistent with the evidence noted above that this was the period of interneuron death.
Since SST + and PV + neurons are the two primary MGEderived cell types, the tdTomato + /SST À cells are likely to become PV + cells. Although there is no early marker for PV + interneurons, there is evidence that the majority of immature MGE cells that express SST will become SST + . (Taniguchi et al., 2011; Vogt et al., 2015) . Thus, prenatal expression of SST in the MGE-lineage is correlated with a SST + fate, and we propose that SST + embryonic Pten cKO cells are more susceptible to apoptosis than those that are SST À (likely PV + fate). Figure 4D ). Example IPSC recordings are shown for Pten +/+ and Pten Flox/Flox ( Figure 4B ). These data demonstrate that spontaneous inhibitory tone is increased in layers II/III of Pten mutants.
Next, we performed a series of behavioral assays on Nkx2.1-Cre; Pten cKOs at P30. Pten cKOs were similar to WTs in the open field ( Figures 5A-5C ) and the elevated plus maze ( Figures  5D and 5E ), suggesting normal levels of exploratory activity, locomotion, and anxiety. However, Pten cKOs spent less time with novel mice in a social interaction test ( Figure 5F ; p = 0.03) and with a novel object ( Figure 5I ; p = 0.05). Interestingly, Pten cKOs had elevated electroencephalogram (EEG) power during social interaction, with the greatest effect in the gamma frequency range ( Figure 5G ; p = 0.005). The baseline EEG was also recorded before the social interaction test and exhibited Overall, these data demonstrated that loss of Pten in cortical interneurons results in abnormal social behavior and altered EEG oscillations, within the gamma frequency band, both at baseline and during a task.
Cell-Autonomous Role for Pten in Regulating Cortical Interneuron Soma Size and Interneuron Subgroup Ratios
To assess the cell-autonomous role for Pten on cortical interneuron development, we utilized an MGE cell transplantation assay (Alvarez-Dolado et al., 2006) . E12.5 DlxI12b-Cre + ; Ai14 Flox/+ MGE cells from Pten +/+ , Pten Flox/+ , or Pten Flox/Flox embryos were transplanted into wild-type (WT) P1 host neocortices and assessed at 35 days posttransplant (DPT) ( Figure 6A ). Transplanted Pten Flox/Flox MGE cells had increased soma area ( Figures  6B-6G ) compared to both Pten +/+ and Pten Flox/+ (Figure 6H ; p < 0.0001, both conditions).
Similar to the cKOs, transplanted Pten cKO MGE cells had a decreased proportion of SST + cells ( Figures 6B-6D and 6I ; Pten Flox/+ p = 0.002, Pten Flox/Flox p = 0.0001) and increased PV + cells ( Figures 6E-6G and 6J ; p = 0.02). The transplanted MGE cells were also assayed for proteins that are expressed in specific MGE-derived interneuron groups: KV3.1, a channel predominantly expressed in PV + fast-spiking neurons (Du et al., 1996) , as well as Reelin and Npas1 (which are expressed in a subpopulation of SST + , but not PV + , interneurons) (Pesold et al., 1999; Stanco et al., 2014) . The percentage of transplanted Pten Flox/Flox MGE cells that expressed KV3.1 was increased (Figures S4A, S4D, and S4G; p = 0.001). In conjunction, the percentage of cells expressing Reelin (Figures S4B, S4E , and S4H; p = 0.01) and Npas1 (Figures S4C, S4F , and S4I; p = 0.006) was decreased in Pten Flox/Flox MGE transplants, consistent with a reduction of SST + interneurons.
We next assessed the cell-intrinsic physiological properties of the transplanted cells at 45 DPT (Table S3 ). Despite decreased AP threshold and resting membrane potential in transplanted Pten cKO MGE cells, the majority of cell-intrinsic firing properties (i.e., frequency-input current slope, adaption ratio, and action potential half-width) between WT and Pten cKOs were similar. Together with the ectopic PV + processes in neocortical layer I and increased IPSC frequency onto excitatory neurons, these data suggest that Pten cKO cells primarily increased inhibitory tone via an overgrowth mechanism rather than by increased cellintrinsic excitability.
An In Vivo Complementation Assay of PTEN ASD Alleles Demonstrates Functional Deficits in Cortical Interneuron Development
Since the increased PV/SST ratio was a prominent phenotype in multiple brain regions (Table S1 ) and was cell autonomous (Figure 6) , it was an ideal phenotype to test if human PTEN ASD alleles were functionally deficient. A major roadblock in ASD research is the lack of efficient screening assays for human alleles found in autism populations, particularly those with the power to test allele function in vivo during brain development.
To circumvent this problem, we improved upon methods to introduce genes of interest into MGE cells before transplantation for in vivo development ) that combine Cre-dependent gene deletion and activation of a fluorescent reporter in the transduced MGE cells (Vogt et al., 2015) with expression of an allele. In this manner, a WT or ASD allele is expressed while simultaneously deleting the corresponding endogenous gene. First, donor MGE cells that harbor a floxed gene of interest are transduced with a lentivirus, then transplanted into a WT host, allowing the modified cells to develop in vivo. This strategy challenges an ASD allele to complement (G) Social interaction task: quantification of changes in electroencephalogram (EEG) power, log transformed, during periods of social interaction. Graph represents recordings made from prefrontal cortex; significant changes were in the high-g range (62-90 Hz). (H) Prefrontal EEG, shown as the log transform of the averaged, normalized power spectrum. The graph was analyzed from a period before the social interaction test and the power spectrum from each mouse was normalized by the sum of all values from 0 to 120 Hz (excluding 58-62 Hz). Nkx2.1-Cre, Pten flox/flox mice exhibit a decrease in the power of prefrontal baseline high-g (62-90 Hz) oscillations compared to their WT littermates. (I) Novel object task. Just after the social interaction assay, the time each mouse spent with a novel object was measured (n = 5 mice per genotype, both groups). Data are presented as mean ± SEM. *p < 0.05, **p < 0.01. the phenotypes of the gene deletion. Moreover, by using the DlxI12b enhancer that drives expression in the majority of GABAergic cortical neurons (Potter et al., 2009) , we could study the effects of alleles only in GABAergic lineages. To this end, we generated lentiviruses with the DlxI12b enhancer (Arguello et al., 2013; Vogt et al., 2014) , followed by a b-globin minimal promoter driving Cre alone, with WT human PTEN or with PTEN ASD alleles ( Figure S5A) . To test the fidelity of this assay, five previously reported PTEN alleles, identified in patients with PTEN-related syndromes and diagnosed with ASD (Butler et al., 2005; Orrico et al., 2009) , were chosen for comparison to WT PTEN. Each vector was expressed in HEK293T cells and assayed for Akt activity, via phosphorylation at Ser 473 (Figure S5B) . Expression of WT PTEN efficiently decreased the level of pAkt. However, none of the PTEN ASD mutants were able to efficiently inactivate Akt, suggesting that they are less functional than WT PTEN.
To assess the function of the PTEN ASD alleles in cortical interneuron development, we transduced MGE cells with the aforementioned viruses before transplantation (schema, Figure 7A) . E12.5 MGE cells that were either Ai14 Flox/+ (controls) or Pten Flox/Flox ; Ai14 Flox/+ were transduced with DlxI12b-Cre lentiviruses ( Figure S5A) . These cells were then transplanted into P1 WT neocortices and developed in vivo until 35 DPT. Cre will result in the expression of tdTomato from the Ai14 locus and will delete endogenous Pten from Pten Flox/Flox MGE cells. Since Figure S4 and Table S3 . a PTEN allele is expressed from the same vector, the effect of either overexpression (via transduction of control MGE cells) or complementation (via transduction of Pten Flox/Flox MGE cells) can be assessed.
We first assessed if overexpressing WT or PTEN ASD alleles in control MGE cells changed the numbers of PV + neurons (schema, Figure 7A ). Interestingly, expression of WT PTEN, but not the PTEN ASD alleles, decreased the proportion of PV + cells ( Figures 7B-7I ; p = 0.002), suggesting that PTEN dosage influences this phenotype. Next, we assessed if PTEN ASD alleles could complement the increased percentage of transplanted cells that are PV + in Pten cKO MGE cells. Transduction of Pten Flox/Flox MGE cells led to an increased % of PV + cells compared to control cells with Cre only (Figures 7B, 7B 0 , 7I, and 7J; Table S2 ), consistent with earlier data (Figures 1 and S2) . Complementation with WT PTEN efficiently restored the percentage of PV + cells to control levels (Figures 7C 0 and 7J; p = 0.0006). Notably, the PTEN ASD mutants were unable to complement the increased percentage of PV + cells, and many were indistinguishable from Cre alone. Moreover, they differed from WT PTEN (Figures 7C 0 -7H 0 and 7J; p = 0.002 Pten H118P , p = 0.003 Pten Y176C , p = 0.0001 Pten F241S , p = 0.005 Pten D252G ). While WT and PTEN ASD mutants showed clear distinctions, there was no evidence of a dominant-negative effect induced by PTEN ASD mutants when expressed in control MGE cells. These data showed a role for PTEN dosage in regulating PV + interneuron ratios and demonstrated that PTEN ASD alleles are deficient in complementing this phenotype.
The percentage of transplanted cells that were SST + was assessed in the same manner ( Figures S6A-S6I ). SST + cells were reduced $15% in Pten Flox/Flox MGE cells compared to control cells transduced with Cre only (Figures S6H and S6I ; Table  S2 ), and the percentage of Pten Flox/Flox cells that were SST + increased when complemented with WT PTEN (Figure S6I ; p = 0.02). However, some of the PTEN ASD alleles did not complement the decreased percentage of SST + cells ( Figure S6I ; p = 0.02 PTEN Y176C , p = 0.009 PTEN D252G ).
Loss of Pten function increases cell size, including the cell bodies (somas) of neurons (Kwon et al., 2006;  Figure 6H ). Thus, we compared the function of WT and PTEN ASD alleles with regards to soma area. As expected, deletion of Pten by transduction with Cre led to increased soma areas in Pten Flox/Flox MGE cells ( Figure S6K ). Next, we quantified soma area after transduction with PTEN ASD alleles; each was less efficient than WT PTEN at preventing the increase in soma area of Pten Flox/Flox MGE cells ( Figure S6K ; p < 0.0001 for WT PTEN, PTEN H118P and PTEN Y176C , p = 0.04 for PTEN F241S , and p = 0.0005 for PTEN D252G ). Finally, we transduced PTEN or the ASD alleles into WT MGE cells and found no change in soma area with any allele (Figure S6J ). Consistent with earlier data (Figure 7I and S6H) , these results suggest that the PTEN ASD alleles do not act in a dominant fashion. Together, these data revealed a role for human PTEN ASD alleles in regulating cortical interneuron ratios and cell size and demonstrated a functional in vivo assay to test the impact each mutant imparts to development.
DISCUSSION
Pten is required to obtain normal numbers of SST + and PV + cortical interneurons, the two main subgroups of MGE-derived interneurons. Loss of Pten led to apoptosis that preferentially affected neonatal SST + interneurons. This resulted in an increased PV + /SST + ratio, as well as ectopic PV + projections and a paucity of SST + axons in cortical layer I. Pten mutants also had a decreased E/I ratio in neocortical layers II/III and reduced social behaviors. Finally, an MGE transplantation/ complementation assay showed that PTEN ASD alleles were hypomorphic in vivo.
Pten Regulates the Number and Ratio of SST and PV Interneurons
Pten deletion in MGE progenitors of the VZ (via Nkx2.1-Cre) resulted in a greater reduction in SST + compared to PV + interneurons in the neocortex (Table S1 ). While this phenotype was also seen when Pten was deleted in the SVZ (via DlxI12b-Cre; Figure S2 ), no interneuron loss was observed using SST-IRES-Cre (Figure 2) , which begins to express as these cells become postmitotic, suggesting that Pten regulation of interneuron numbers depends on its function in progenitors. The increased PV/SST ratio was also observed in MGE transplantation assays (Figures 6,  7, and S6) , consistent with a cell-autonomous role for Pten.
The altered PV/SST ratio is likely due to preferential cell death of SST + cells during late gestation and neonatal ages, rather than a change in cell fate or proliferation. In support of this, we did not observe changes in the proportion of SST + MGE-derived cells at early embryonic ages (E12.5) or in proliferation ( Figure S3 ). At E15.5, more SST + interneurons occupied the lateral cortex and were depleted from the neocortex (Figure 3 ). By P0, there was elevated apoptosis that preferentially affected SST + neurons in both the lateral and neocortex MZs, a time just before the major loss in interneurons was decreased in the neocortex ( Figure 1H ).
Alterations (increases and decreases) in cortical interneurons have been reported in ASD mouse mutants (Durand et al., 2012; Karayannis et al., 2014; Peñ agarikano et al., 2011; Selby et al., 2007; Gogolla et al., 2014 , Allegra et al., 2014 . Thus, defects in interneuron numbers may be found in some forms of ASD, and the PV/SST ratio should be measured in ASD patients. Moreover, further work should be done in mice to elucidate the mechanisms that control the numbers of PV and SST interneu-rons. Some insights have been garnered from the analysis of mouse transcription factor mutants that exhibit altered PV/SST ratios, including Dlx1 (Cobos et al., 2005) , Lhx6 (Neves et al., 2013) , Npas1 and Npas3 (Stanco et al., 2014) , Olig1 (Silbereis et al., 2014) , and Satb1 (Close et al., 2012; Denaxa et al., 2012) . While the role of these transcription factors in neuropsychiatric disorders is obscure, alleles of some of these genes have been associated with disorders (Hamilton et al., 2005 , Stanco et al., 2014 .
Pten Regulates the Morphology and Connectivity of SST and PV Interneurons Interestingly, PV + processes ectopically grew into neocortical layer I, suggesting that Pten restrains the spatial distribution and perhaps connectivity of PV + axons. Loss of Pten in excitatory neurons likewise results in overgrowth of their processes (Kwon et al., 2006) . Given that layer I contains the apical dendrites of pyramidal neurons, the excessive PV + processes could impact the nature and number of inhibitory inputs onto excitatory neurons. Indeed, loss of Pten in MGE-derived GABAergic cortical interneurons resulted in elevated spontaneous inhibitory tone on cortical layer II/III pyramidal neurons (Figure 4) , despite the $50% reduction in MGE-derived interneurons (Figure 1 ; Table S1 ). We hypothesize that the overgrowth of PV + processes in layer I may underlie the increased inhibition. Interestingly, increased inhibitory tone has been observed in other mouse mutants of ASD genes that repress the PI3K/Akt/mTor pathway, including NF1 (Costa et al., 2002; Cui et al., 2008) , suggesting that reducing the E/I ratio, through increased inhibition, may be an important mechanism underlying the effects of some ASD genes. Other ASD mouse models have increased E/I (Gogolla et al., 2014) ; thus, various mechanisms that disrupt E/I away from the optimal range, in either direction, may account for cortical dysfunction.
PV + interneurons are necessary and sufficient for gamma oscillations (Cardin et al., 2009; Sohal et al., 2009) , and various (depressed and elevated) alterations have been observed in individuals with ASD (Gandal et al., 2010; Orekhova et al., 2007; Wilson et al., 2007) . In Pten cKO mice, we observed reduced gamma rhythms at rest and increased rhythms when performing a task ( Figure 5 ). Finally, Pten mutants had deficits in social interaction ( Figure 5 ), supporting the hypothesis that some behavioral and cognitive phenotypes may be caused by E/I imbalance (Rubenstein and Merzenich, 2003) .
Loss of Pten in excitatory neurons led to phenotypes that were distinct from those observed from deletion in GABAergic cortical interneurons, including macrocephaly, increased excitation, and seizures (Kwon et al., 2006) . Moreover, Pten deletion in either neuron type resulted in hyperactivated Akt and hypertrophy, suggesting that while different global phenotypes may be attributed to certain cell types, some cellular phenotypes were common between inhibitory and excitatory neurons (hyperactivated Akt and soma and neurite hypertrophy).
An In Vivo Complementation Assay to Screen Functional Changes in ASD Alleles
Due to the many risk alleles found in ASD (Murdoch and State, 2013; Tebbenkamp et al., 2014) , we developed an efficient means to screen ASD alleles for functional deficits in vivo. This was performed in cortical interneurons, a cell type implicated in ASD and other neuropsychiatric disorders. A standard way to study an ASD allele is to create a knockin mouse, which is a low-throughput process. Our complementation assay tests cell-autonomous effects of ASD alleles in $2 months and can rapidly investigate molecular, developmental, morphological, and electrophysiological parameters in vivo. While this assay requires mouse null mutants, it is now relatively easy to obtain these animals. In addition, the modular design of the lentiviral vector ( Figure S5 ) permits the use of any enhancer or promoter, which could facilitate assaying functions specific to cell type. Moreover, any gene can be inserted downstream of the Cre cassette. We suggest that this assay will be of great utility for in vivo functional characterization of any mutant allele.
Our assay showed that all five of the tested human PTEN ASD alleles were hypomorphic, based upon their reduced activity to rescue two phenotypes: increased soma area and PV/SST ratio (Figures 7 and S6 ). Consistent with our results, an assay of these alleles in yeast provided evidence that they had reduced phosphatase function, but not as low as PTEN alleles discovered in various cancers (Rodríguez-Escudero et al., 2011) . Furthermore, these alleles did not have dominant functions when assayed in WT interneurons (Figures 7 and S6) . In sum, our experiments delineate a major role for PTEN in the survival, connectivity, and PV/SST ratio of GABAergic cortical interneurons. These findings provide insights into how deficits in PTEN contribute to ASD and suggest that PI3K/Akt/mTor signaling differentially regulates PV and SST interneuron development.
EXPERIMENTAL PROCEDURES
Animals
All mice have been described previously: Ai14 Cre-reporter (Madisen et al., 2010) , Nkx2.1-Cre (Xu et al., 2008) , SST-IRES-Cre (Taniguchi et al., 2011) , DlxI12b-Cre (Potter et al., 2009) , and Pten flox (Suzuki et al., 2001) . Mice were initially on a mixed C57BL6/J, CD-1 background. All lines, except SST-IRES-Cre, were backcrossed to CD-1 for at least four generations before analysis. SST-IRES-Cre males were maintained on a C57Bl6/J background. For timed pregnancies, noon on the day of the vaginal plug was counted as E0.5. All animal care and procedures were performed according to the University of California at San Francisco Laboratory Animal Research Center guidelines.
Behavior
Open-Field Test An individual mouse was placed near the wall-side of 50 3 50-cm open-field arena, and the movement of the mouse was recorded by a video camera for 10 min. The recorded video file was later analyzed with Any-Maze software (San Diego Instruments). Time in the center of the field (a 25 3 25-cm square), and distances traveled in the center and perimeter were measured. The openfield arena was cleaned with 70% ethanol and wiped with paper towels between each trial. Investigators were blind to genotype during scoring of videos. Elevated Plus Maze Test A mouse was placed at the junction of the open and closed arms, facing the arm opposite to the experimenter, of an apparatus with two open arms without walls (30 3 5 3 0.5 cm) across from each other and perpendicular to two closed arms with walls (30 3 5 3 15 cm) with a center platform (5 3 5 cm) and at a height of 40 cm above the floor. Mouse movement was recorded by video for 10 min and analyzed for the first 5 min. The video file was analyzed, and time and number of entries in the open arms of the apparatus were measured. The elevated plus maze apparatus arms were cleaned with 70% ethanol and wiped with paper towels between each trial. Investigators were blind to genotype during scoring of videos.
Social Interaction Task
Mice were connected to the EEG preamplifier and then habituated in their homecage for 15 min before beginning the task. After habituation, we recorded baseline EEG activity for 5 min. Then, we introduced an age-matched mouse (3-4 weeks old, same gender) into the homecage of the subject mouse and allowed the freely moving mice to interact for 5 min while continuing to record EEG activity. We recorded EEG using a time-locked video EEG monitoring system (Pinnacle Technology), enabling us to subsequently correlate periods of social interaction (defined as sniffing, close following, and allo-grooming) with specific time points in the EEG recording. Investigators were blind to genotype during scoring of videos. Novel Object Task Following the social interaction task, the subject mouse was presented with a novel object (50-ml Falcon tube cap) for 5 min, and the amount of time spent investigating the object was analyzed. Investigators were blind to genotype during scoring of videos.
Data analysis for EEGs was performed in Matlab (The MathWorks) using custom-written software. To analyze changes in power during the baseline period (which occurred just before the social interaction task), a two-way ANOVA was used and found to be significant for genotype if (p < 0.001), frequency if (p < 0.001), and genotype 3 frequency if (p < 0.05). The differences between genotypes for each frequency band was tested using Student's two-tailed, unpaired t tests. To analyze differences in social-interactionevoked power, we used repeated-measures ANOVA with mouse, task condition (baseline versus social interaction), and genotype 3 condition (baseline versus social interaction) as factors.
Electrophysiology
Slice Preparation
Slice preparation and intracellular recordings were performed as previously described (Sohal and Huguenard, 2005) . Detailed methods can be found in Supplemental Experimental Procedures. Lentiviral production. Lentiviral production was performed as previously described (Vogt et al., , 2015 . Detailed methods can be found in Supplemental Experimental Procedures. MGE transplantation. MGE transplantations were done as previously described (Vogt et al., , 2015 . A detailed description can be found in Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, six figures, and three tables and can be found with this article online at http://dx.doi.org/10.1016/j.celrep.2015.04.019.
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